Introduction
The sinoatrial node (SAN) is the primary pacemaker of the heart and responsible for regulating cardiac rhythm. 1, 2 Over 100 years ago, the anatomic structure of the SAN was discovered by Keith and Flack. 3 Since this discovery, animal model and human studies have investigated how cardiac rhythm is initiated and regulated by the SAN. [1] [2] [3] [4] [5] [6] Located along the posterior junction of the superior vena cava (SVC) and the right atrium (RA), the human SAN structure consists of a compact mass of specialized cardiomyocytes enmeshed in a dense matrix of collagen and fibroblasts. 1, 7, 8 The healthy adult human SAN consists of 35-55% fibrotic content that, together with surrounding fatty tissue, provides mechanical and electrical protection from the surrounding atria. 9 Late gadolinium-enhanced cardiovascular magnetic resonance (LGE-CMR) was originally proposed as a tool for visualizing ventricular scarring and is now a routinely used clinical tool. [10] [11] [12] This methodology was later applied to visualize fibrosis and scarring before and after radiofrequency ablation procedures of the left and right atria. 11 Notably, this methodology has never been applied to visualize the normally fibrotic human SAN structure until now. Furthermore, the accurate identification of SAN location may help avoid damaging the SAN and its neurovascular inputs during surgery and targeted ablation procedures. In this study, we utilize LGE-CMR to characterize the human SAN fibrotic structure in healthy volunteers and histologically validated explanted donor hearts.
Methods
Volunteers, without history of cardiac disease (male, n = 5, 23-52 y.o., see Supplementary data online, Table S1 ), provided written informed consent as approved by The OSU Institutional Review Board. Explanted human hearts (n = 5, see Supplementary data online, Table S2 ) were obtained from Lifeline of Ohio, a non-profit organization that coordinates the donation of human organs, in accordance with The OSU Institutional Review Board.
In vivo LGE-CMR and fibrosis estimation
Volunteers underwent LGE-CMR scans using a 3T MAGNETOM Tim Trio (Siemens HealthCare) with a spatial resolution of 1.0 mm LGE-CMR scans were acquired 18-25 min following 0.2 mmol/kg gadolinium agent injection. An electrocardiogram-gated, fat-suppressed 3D inversion recovery gradient recalled echo sequence with respiratory navigator gating was used. Typical scan parameters were as follows: echo time, 2 ms; flip angle, 20 ; inversion time, 300 ms; repetition time, 4.4 ms; and receiver bandwidth, 355 Hz/pixel, 8-10 min scan time. 3D image data covering the entire heart including both atria and both ventricles were acquired and reformatted into 2D cross sections (1 mm or 1.25 mm thick, see Supplementary data online, Table S1 ). Volunteer 1 was scanned a second time 1 year later to show the results from a scan with a different contrast agent and is referred to as Volunteer 1B (Table 1 and Figure 3) .
From in vivo LGE-CMR images, the atrial chamber walls were identified, segmented, smoothed to an isotropic resolution, and volume rendered as a 3D reconstruction using a custom-written Matlab (MathWorks Inc.) program and visualized in 3D using both Matlab and Amira programs (FEI Company) (Figure 1 ). Atrial wall thickness consisted of 2-5 mm except interatrial septum (IAS) and crista terminalis (CT) region.
A patient-specific fibrotic mask was applied to the 3D LGE-CMR atrial structure (see Supplementary data online, Figure S1 ). Signal intensity thresholds at SD above the average right atrial free wall (RAFW) signal intensity, a low-intensity area that served as the signal intensity reference, were considered areas of high intensity post contrast (Figures 2 and 3) . These areas of high signal intensity were defined as fibrotic tissue in accordance with previously published atrial fibrosis quantification studies using a similar method. 11, 13 The heart-specific threshold for SAN LGE fibrosis was selected from within a range, as was done previously, 14 to achieve a percent of fibrotic content within the SAN region consistent with reported values for healthy adult human hearts (35-55%). 6,9 Table 1 lists fibrosis analysis for thresholds of 2, 2.5, 3, and 4 SD above the RAFW for each volunteer. Subsequently, fibrosis segments were used to distinguish the SAN from surrounding atrial regions by computing a finite difference grid mesh. Regional LGE percentage for the SAN, RAFW, and IAS was calculated by fractionating the area of LGE, based on the applied threshold, from total selected tissue area. 3D fibrosis density maps were constructed at each voxel by determining the percent of neighbouring voxels above the threshold within a 5 pixel radius.
Optical mapping of coronary-perfused ex vivo human atria
Explanted human hearts (see Supplementary data online, Table S2 ) were coronary perfused and optically mapped as previously described. 5, 6, 15 Optical action potentials (OAPs) were recorded by CMOS cameras (100 Â 100 pixels, MiCAM Ultima-L, SciMedia Ltd, CA) with 330 mm 2 resolution. All hearts were mapped from the epicardium; moreover, three hearts were also simultaneously mapped from the endocardium using a dual-sided optical mapping system, 15, 16 allowing us to obtain simultaneous sub-endocardial and sub-epicardial intramural-weighted OAPs ( Figure 4A and B). OAPs were analysed using a custom Matlab computer program as previously described. 17 
Ex vivo contrast-enhanced CMR of optically mapped atria with histological validation of fibrosis
Following optical mapping, contrast-enhanced CMR (CE-CMR) was performed on atrial preparations as previously described. 15 2D CMR images of the SAN with up to 90 mm 2 resolution ( Figure 5 and see Supplementary data online, Table S2 ) were segmented and smoothed using the protocol described for in vivo LGE-CMR. After the CE-CMR, SAN regions were sectioned from epicardial to endocardial surfaces at a step of 10 mm thickness for Masson's trichrome staining to validate fibrotic tissue. Histology was used, in addition to optical mapping, to identify and delineate the border of the SAN pacemaker tissue from the surrounding RA based on connexin 43 negativity on immunostaining, distinct cell morphology, clear fibrotic/fat border, and percent tissue fibrosis (see Supplementary data online, Figure S2 ), as previously described in detail. 2, 6, 7, 16, 18 Dissection locations based on functional location of SAN were across the SAN pacemaker complex, consisting of the superior (head), middle (centre), and inferior (tail) thirds of the compact node and sinoatrial conduction pathways, which provide a discrete and continuous electrical connection between the SAN and RA (Figure 4) . Figure  S2 ). The series of 2D CE-CMR images were analysed to obtain the optimal fibrosis threshold value best matching the corresponding histological section using a least square approximation. This fibrosis threshold was then applied to the global 3D CE-CMR to perform regional fibrosis analysis of SAN, IAS, CT, and RAFW.
Statistical analysis
Data are presented as mean ± SD. Percent of voxels above fibrosis threshold was compared between the SAN and atrial regions by Student's t-test using IBM SPSS Statistics. The correlation between regional percent of fibrotic tissue defined by ex vivo CE-CMR and histology is reported as a Pearson correlation coefficient. A value of P < 0.05 was considered significant.
Results

In vivo LGE-CMR
In all volunteers, a region of increased continuous fibrotic content at the posterior junction of the SVC and the CT, which is the anatomic location of the SAN, 1 was identified (Figure 3) . In this region, the head of the SAN was more distinguishable than the SAN tail, which blended with the fibrotic IAS inferiorly. A signal intensity threshold of 2-3 SD (2.7 ± 0.5 SD) was found to accurately emulate SAN location and fibrotic content from ex vivo studies. The SAN region was delineated from surrounding atrial regions by its greater fibrosis density and was visualized in 10-15 LGE-CMR sections ( Figure 3) . The delineation of the medial SAN border was not always distinct due to the presence of fibrosis in SVC and IAS, which was consistent with ex vivo analysis. Thus, maximum SAN width was limited to 9 mm. The SAN region size, beginning from the septal boundary at the level of the right superior pulmonary vein to the superior junction of the SVC and RA, showed length, 23.6 ± 1.9 mm; width, 7.2 ± 0.9 mm; and depth, 2.9 ± 0.4 mm (see Supplementary data online, Table S3 ), which is in accordance with previous histological studies of the human SAN. 1, [7] [8] [9] The SAN composed of 41.9 ± 5.4% LGE voxels above threshold compared with the RAFW (0.6 ± 0.6%, P < 0.01) and IAS (14.6 ± 5.0%, P < 0.01) ( Figure 5B and Table 1 ). Table 1 lists fibrosis quantification across the full range of thresholds analysed and which threshold was ultimately used for fibrosis quantification of each heart. Histograms showing atrial intensity used for regional fibrosis enhancement analysis of Volunteer 1A are shown in Figure 2 .
Functional and histological identification of SAN pacemaker complex ex vivo
Near-infrared optical mapping revealed that all five coronary-perfused human SAN preparations exhibited stable sinus rhythm (83 ± 17 bpm) with the leading pacemaker site in the SAN fibrotic region (Figure 4) . SAN activation preferentially travelled superiorly and/or inferiorly from the leading pacemaker before exiting the SAN through a preferential sinoatrial conduction pathway to excite the atria ( Figure 4C) , consistent with previous clinical 20 and experimental 5, 6 observations. In all hearts, subsequent analysis of histological 2D sections of SAN and surrounding tissue delineated SAN pacemaker structure from surrounding tissue and confirmed that leading pacemaker locations were always within the fibrotic SAN structure ( Figure 5 ). 
CE-CMR SAN fibrosis analysis of ex vivo atria
CE-CMR allowed for the delineation of the 3D SAN structure (ex vivo: length: 21.9 ± 4.3 mm, width: 4.4 ± 0.9 mm, depth: 2.2 ± 0.3 mm, see Supplementary data online, Table S3 ) by distinguishing a significant increase in fibrosis in SAN compared with surrounding atrial tissue in ex vivo hearts. Moreover, fibrosis analysis of the SAN, CT, RAFW, and IAS were strongly correlated (r 2 = 0.74, P < 0.01) between histology and 2D CE-CMR cross sections ( Figure 5B) . A sub-epicardial layer of fat was observed overlaying the SAN by histology, yet this same fat layer was supressed in the CE-CMR, which confirms fat supression and the specificity of enhancement for fibrosis ( Figure 5C ). Fibrosis threshold of signal intensity 0. 
Discussion
For the first time, 3D human SAN fibrotic structure was visualized in vivo using LGE-CMR in five healthy volunteers. Fibrosis quantification and SAN identification by in vivo LGE-CMR were validated in Rationale to utilize LGE-CMR to visualize human SAN fibrotic structure in vivo
LGE-CMR was originally proposed as a tool for visualizing 10 and quantifying 12 fibrotic scar tissue in the ventricle. This methodology was later applied for atrial fibrosis analysis in vivo by several groups. 11, 13, [21] [22] [23] [24] Despite a significant number of recent LGE-CMR studies of the human atria, 11,13,21-24 most focus only on the LA, and no previous LGE-CMR study has defined or analysed SAN structure. 22 We hypothesized that in vivo visualization of SAN structure is possible with LGE-CMR due to the relatively large fibrotic content and size ($15 to 27 Â 4 to 8 Â 3 mm 3 ) of the human SAN.
1,7-9 SAN structure has been identified as a major factor in normal SAN function and its macrostructural features, such as the SAN location, size, shape, and high percent of collagen tissue are generally accepted. 1, 8, 9 However, these SAN structural features have been studied by histological sectioning in ex vivo human SAN that are not possible to utilize in vivo to analyse the human SAN structure. The ability to properly identify the SAN location may have important clinical implications, but current clinical electrophysiology approaches may be unable to do so. 25 Surface electrode mapping must rely on locating the earliest atrial activation, which may be 5-20 mm away from the intramural anatomic location of the SAN leading pacemaker due to the intramural 3D structure of the human SAN. 5, 6 Thus, optical mapping is currently the only reliable method for localizing onset of activation within the SAN (Figure 4) . However, as mentioned previously, optical mapping is limited to ex vivo experiments. An accurate knowledge of the patient-specific SAN location from LGE-CMR may help guide electrophysiologists and prevent permanent damage to the SAN and neurovascular inputs during atrial fibrillation ablation, SVC isolation, and atrial tachycardia ablation, thus reducing the risk of SAN dysfunction caused by ablation procedures. 26 Such accurate SAN imaging characterization may also increase the success rate of ablation of inappropriate sinus tachycardia and potentially enhance the understanding of this disorder as well as other forms of SAN dysfunction.
Ex vivo human studies provide proof-ofconcept to visualize SAN structure with CMR
To provide proof-of-concept of CE-CMR to visualize 3D SAN structure, explanted human heart CE-CMR of optically mapped SAN was conducted. Ex vivo CE-CMR allows for increased resolution and the ability to histologically validate fibrosis analysis. Our laboratory's unique opportunity to study ex vivo human hearts allows us to utilize high-resolution functional and structural mapping, which is unavailable in vivo. Importantly, this combination of high-resolution structural-functional experiments was used to directly study the human heart, rather than animal models, which may contain relatively too little fibrotic tissue content 7 to visualize the SAN with CE-CMR.
In this study, ex vivo CE-CMR and histology fibrosis content analysis distinguished SAN structure based on increased fibrotic content compared with the surrounding RA. Importantly, SAN location identification from functional mapping, CE-CMR, and histology were all consistent ( Figure 5 ). For this reason, we sought to apply LGE-CMR to define the 3D SAN structure in vivo.
In vivo LGE-CMR visualization of human SAN
Our in vivo LGE-CMR methodology has high enough resolution to visualize SAN structure. Given the in-plane resolution of the current in vivo LGE-CMR study (1 Â 1 mm 2 for Volunteers 1-3 and 5; 0.65 Â 0.65 mm 2 for Volunteer 4), the SAN structure with $6 mm width and $3 mm intramural thickness should be detectable in $10 to 15 pixels of each 2D cross section. Additionally, the current slice thickness of our LGE-CMR is 1-1.25 mm and the SAN structure may extend superior/inferiorly 10-15 mm. Average SAN size in ex vivo CE-CMR and in vivo LGE-CMR were both within range of previous SAN structure studies ex vivo ($15 to 27 Â 4 to 8 Â 3 mm 3 ). 6, 8, 27 While the superior and lateral LGE fibrotic borders of the SAN were distinct, the medial border tended to blend with SVC and IAS LGE fibrosis and was less distinct. The IAS contained high LGE, which was also seen in other LGE-CMR studies 22 and may be explained by the naturally high fibrotic content of this anatomic region. 27 Of note,
LGE-CMR RA fibrosis values were less than RA regions of hearts analysed with ex vivo CE-CMR or ex vivo histology ( Figure 5 and Table  1 ). The resolution of LGE-CMR may account for the decreased values of fibrosis percent in these RA regions, as small interstitial fibrosis strands may be averaged with surrounding myocardium within a single voxel, thus decreasing the voxel's intensity below the threshold. Furthermore, any underlying cardiovascular disease in the ex vivo donor hearts could contribute to the slightly larger degree of fibrosis in the ex vivo hearts compared with our healthy volunteers. Regional fibrosis analysis results from in vivo LGE-CMR, ex vivo CE-CMR, and histology of the SAN regions were all consistent. We found that in vivo LGE-CMR fibrosis analysis best reproduced our ex vivo ( Figure 5 ) and previously reported histological values 6,9 when a threshold between 2 and 3 SD was chosen; moreover, in four of the LGE-CMR scans, a threshold of 3 SD was used to distinguish fibrosis while two of the LGE-CMR scans had a threshold of 2 SD. Importantly, the visualization of SAN fibrotic region, location, and size were not affected by the contrast agent used ( Figure 3 and see Supplementary data online, Figure S1 ), which is promising for the wide spread application of this technique, as contrast agents differ among CMR centres.
Future directions
Studies of a greater number and variety of both volunteers and patients should be done to establish baseline normal anatomy as well as age and gender-dependent normal values for healthy SAN. Additionally, further in vivo CMR studies are needed to understand whether there is a correlation between anatomic variations and SAN functional data as well as different types of SAN disease (exit block, chronotropic incompetence, and sinus arrest). Current clinical diagnosis of SAN dysfunction is hampered by functional tests with marginal sensitivity that provide no direct information of SAN structural remodelling, which is one of the major factors in SAN dysfunction. structure in the diagnosis of SAN dysfunction may be warranted. Thus, by using advanced 3D imaging techniques, clinical criteria for SAN dysfunction may include structural aspects, facilitating a better characterization of the disease. On the basis of this study, testing the utility of LGE-CMR to predict SAN function should be addressed in future studies.
Study limitations
The number of hearts studied, both in vivo and ex vivo, limit the extrapolation of our findings to wider populations. Furthermore, all
LGE-CMR scans were done in healthy male hearts with no direct histological validation of fibrosis threshold. We did not study the SAN of structurally remodelled atria in patients with heart disease.
Conclusion and clinical applications
This is the first in vivo application of LGE-CMR to visualize and analyse 3D human SAN fibrotic structure. Visualization of SAN fibrotic structure may be used as a quality control test of future LGE-CMR studies of atrial fibrosis, as LGE-CMR scans unable to locate a region consisting of $50% intramural fibrosis may not be able to reliably resolve atrial fibrosis. Furthermore, in vivo visualization of the human SAN structure with LGE-CMR may provide clinicians a new tool to avoid or target SAN structure during surgery or ablation and may benefit targeted therapeutics such as atrial pacing lead location or local gene/ cell therapy delivery in the future.
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Supplementary data are available at European Heart Journal -Cardiovascular Imaging online.
